Antimalarial drug resistance has become an issue of utmost importance for the control of falciparum malaria worldwide. Individual treatment regimens as well as malaria control strategies therefore need to be based on profound knowledge of drug sensitivity. There are basically two approaches to the assessment of the antimalarial drug susceptibility of Plasmodium falciparum: in vivo and in vitro assays. The most commonly used in vitro assays, the isotopic assay, the World Health Organization (WHO) microtest, and a number of parasite lactate dehydrogenase-based assays, have their advantages but also have a number of known drawbacks (1, 7, 8, 12, 14, 24, 26) . It was the aim of this study to develop an in vitro assay that is easy to establish and to standardize, that has a high sensitivity, and that requires little technical equipment, similar to the WHO test, but that is also as reproducible and that can be performed as fast as the isotopic assay.
Histidine-rich protein II (HRP2) is a naturally occurring histidine-and alanine-rich protein localized in several cell compartments including the cytoplasm of P. falciparum. Recent studies have implicated HRP2 as an important factor in the detoxification of heme (11, 16, 17, 21) . HRP2 was identified in all P. falciparum strains regardless of knob phenotype and was recovered from plasma and culture supernatants as a secreted water-soluble protein (20) . It is found as concentrated packets in the host erythrocyte cytoplasm and on the infected erythrocyte membrane (9) . HRP2 is a common target for rapid diagnostic tests for malaria (3) . Its long half-life in vivo and its persistence in patients with successfully treated falciparum malaria, however, limit the application of HRP2-based dipstick or spot tests for the monitoring of therapeutic efficacy (13) . For in vitro drug susceptibility assays, on the other hand, the stability of this protein may be a major advantage. Similar to schizont maturation and hypoxanthine uptake, levels of HRP2 production may vary between parasite strains. As drug sensitivity tests are internally controlled, however, this is not an issue in this context. The amount of HRP2 found in culture samples is closely associated with parasite growth and increases with parasite development and multiplication (6) . We therefore concluded that HRP2 might be an excellent indicator of parasite growth and its inhibition by antimalarial drugs. The availability of commercial HRP2 enzyme-linked immunosorbent assay (ELISA) kits for the quantification of P. falciparum HRP2 is an additional distinct advantage and may make implementation of this assay faster than that of any other malaria in vitro drug sensitivity test.
MATERIALS AND METHODS
A total of 20 cryopreserved, culture-adapted strains of P. falciparum originating from three Asian countries (collected from 1994 to 2001 in Thailand, Myanmar, and Bangladesh) were subjected to the new HRP2 ELISA as well as to isotopic and morphological drug susceptibility assays. The strains were selected according to their previously established sensitivities to test isolates with a broad range of antimalarial drug susceptibilities. All tests were performed at the Department of Immunology and Medicine, Armed Forces Research Institute of Medical Sciences, Bangkok, Thailand. After the samples were thawed, they were washed and mixed with RPMI 1640 medium (with 10% human serum) at 5% hematocrit, and the mixture was transferred into cell culture flasks. The cellmedium mixture (CMM) was incubated at 37.5°C in a 5% CO 2 -5% O 2 -90% N 2 gas mixture until a minimum parasite density of 0.5% (for the HRP2 and the morphological assays) or 2% (for the isotopic assay) was achieved (22 22 .02 nM). Serial twofold dilutions (seven concentrations and one drug-free control) of the drugs (25 l/well) were dispensed into standard 96-well microculture plates (Costar 3599 plates) manually or by a semiautomated microdilution technique, and 200 l of CMM was added to each well. The plates were then incubated for 72 h in a gas mixture (5% CO 2 , 5% O 2 , 90% N 2 ) at 37.5°C. They were subsequently frozen-thawed twice to obtain complete hemolysis. After the incubation the plates were processed immediately or were stored at Ϫ30°C until further processing.
HRP2 ELISA. A commercial HRP2 ELISA kit (Malaria Ag CELISA; Cellabs Pty. Ltd., Brookvale, New South Wales, Australia) was used for the quantification of HRP2 in the culture samples. One hundred microliters of each of the hemolyzed culture samples was transferred to the ELISA plates, which are precoated with monoclonal antibodies against P. falciparum HRP2 (capture antibody of the immunoglobulin M class; code CPF4), and the plates were incubated at room temperature for 1 h. Subsequently, the plates were washed four times with the washing solution provided with the test kit, and 100 l of the diluted antibody conjugate (an indicator antibody of the immunoglobulin G1 isotype; code CPF6) was added to each well. After incubation for an additional 1 h, the plates were washed four times and 100 l of diluted (1:20) chromogen (tetramethylbenzidine) was added to each well. The plates were then incubated for another 15 min in the dark, and 50 l of the stop solution was added. Spectrophotometric analysis was performed with an ELISA plate reader (SpectraMAX 340 Microplate spectrophotometer; Molecular Devices, Sunnyvale, Calif.) at an absorbance maximum of 450 nm. The optical density values correspond to the amount of HRP2 found in the culture samples and provide consistent indicators of parasite growth. The complete ELISA may easily be performed within less than 3 h, largely independent of the number of samples to be tested.
Potential modifications to the HRP2 assay. The HRP2 assay may be adjusted to meet the requirements of individual laboratories (however, all test parameters should be kept constant within a study). In its current form the basic procedure for the assay was developed with culture-adapted, cryopreserved P. falciparum strains. Although essentially the HRP2 assay may also be performed with fresh isolates, so far there are no data from field trials with fresh isolates. The validation of the assay with fresh isolates will therefore be an important issue for a future application in field studies. From our experience the assay may also be performed with an incubation time of 48 h. However, the 72-h incubation allows the testing of slowly acting drugs without the need for changes to the protocol and gives a success rate close to 100%, even with slowly growing parasite strains. We successfully conducted experiments with initial parasite densities as low as 0.01%. However, the range that yielded the best results was 0.02 to 0.07%. Samples with an initial level of parasitemia of more than 0.1% need to be diluted accordingly, either before incubation (with uninfected erythrocytes and RPMI 1640) or before the ELISA is performed (with RPMI 1640). We used 200 l of CMM and 25 l of drug solution per well throughout this study. As the ELISA requires only a 100-l sample volume, the assay can also be performed with a reduced amount of CMM. A sample of the CMM may be set aside and frozen before the start of the incubation to assess the amount of preexisting HRP2. This sample is also tested in the ELISA, and its optical density is subtracted from those for the test samples. This allows a very precise estimate of the rise in HRP2 levels to be obtained. If full inhibition of parasite growth can be expected, however, it may be sufficient to use the lowest value in each test instead.
Isotopic assay. The isotopic assay followed the routine established at the AFRIMS laboratory based on the method of Desjardins et al. (7, 23, 25) . The samples from continuous culture were diluted to 0.5% parasitemia and 1.5% hematocrit. The plates were dosed with antimalarial drugs, and 200 l of CMM was added. The plates were incubated in a gas mixture (5% CO 2 , 5% O 2 , 90% N 2 ) for 24 h at 37.5°C, pulsed with 25 l of Morphological assay. A modified WHO schizont maturation assay was used to morphologically assess parasite development (26) . The culture samples were diluted in the same way as those used for the HRP2 assay (1.5% hematocrit, 0.05% parasitemia). As the morphological assay requires a high degree of synchronism, the growth in the samples was synchronized with 5% sorbitol (10) . Subsequently, 200 l of CMM was incubated for 24 h at 37.5°C on the same plates used for the HRP2 assay. After removal of the sediment, thick films were prepared from the cell sediment of each well. These were microscopically evaluated by counting the number of schizonts with three or more chromatins per 200 asexual parasites.
Statistical analysis. Individual inhibitory concentrations (the 50% inhibitory concentration [IC 50 ], IC 90 , IC 99 ) for all three assays were determined by nonlinear regression analysis. The software used is based on a polynomial regression model and is freely available from http://malaria.farch.net. The results (IC 50 ) closely parallel those obtained with other nonlinear estimation programs or log-probit analysis. Bland-Altman plots were prepared to assess the levels of agreement between two methods (4). Standard correlation analysis was used to establish associations between the ICs obtained by the different assays with the various drugs. The t test was used to evaluate differences between group means. Nonparametric procedures were used for data that were not normally distributed.
RESULTS
In total, 20 strains were culture adapted and successfully tested by all three assays. The novel HRP2 drug susceptibility assay was found to be easy and rapid to perform. It produced results comparable to those obtained by the other assays.
The Table 1 . A number of samples (n ϭ 4) were also tested after 48 h of incubation, and the ICs were similar. The mean difference in the IC 50 at 48 h of incubation compared to that at 72 h of incubation was Ϫ0.05 on the log scale (limits of agreement, Ϫ0.368 and 0.267).
No statistically significant differences in the results of the HRP2 assay in relation to those of the schizont maturation assay and the isotopic assay were found for mefloquine and quinine. The chloroquine IC 50 determined by the isotopic assay and the artesunate IC 50 determined by the morphological assay were significantly lower (P Ͻ 0.001) than the corresponding values obtained by the other two assays.
The data obtained by all three assays were analyzed by nonlinear regression analysis. Representative graphs illustrating the pooled data for the responses of all 20 P. falciparum strains to mefloquine, quinine, chloroquine, and artesunate are shown in Fig. 1 to 3 . An excellent fit of the data to the polynomial regression model was observed with all regressions (all regressions resulted in squared correlation coefficients higher than 0.989).
By correlation analysis the pooled results obtained by the HRP2 drug sensitivity tests with all four antimalarials showed a distinct association with those obtained by the schizont maturation assay (n ϭ 20; R ϭ 0.959; P Ͻ 0.001) and the isotopic assay (n ϭ 20; R ϭ 0.892; P Ͻ 0.001) (Fig. 4 and 5 , respectively). The Bland-Altman plots for the agreement of the results obtained by the HRP2 assay in relation to those obtained by the other two techniques as well as the mean difference and limits of agreement are shown in Fig. 6 and 7 Highly significant drug-to-drug interactions were found by the HRP2 assay as well as by the other two assays. The IC 50 s of mefloquine obtained by the HRP2 assay were closely correlated with those of artesunate (R ϭ 0.794; P Ͻ 0.001) and quinine (R ϭ 0.733; P Ͻ 0.001). Quinine and artesunate activities were similarly correlated (R ϭ 0.892; P Ͻ 0.001). The patterns of the drug-to-drug correlations were identical by the WHO schizont maturation assay (for mefloquine-artesunate, R ϭ 0.767 and P Ͻ 0.001; for mefloquine-quinine, R ϭ 0.555 and P ϭ 0.011; for quinine-artesunate, R ϭ 0.556 and P ϭ 0.011) and by the isotopic assay (for mefloquine-artesunate, R ϭ 0.695 and P ϭ 0.001; for mefloquine-quinine, R ϭ 0.635 and P ϭ 0.003; for quinine-artesunate, R ϭ 0.594 and P ϭ 0.006).
DISCUSSION
The value of in vitro drug susceptibility data for the development of new drugs as well as for epidemiological purposes is undisputed. The quickening pace of antimalarial drug resis- tance in recent years and the need for the monitoring of drug sensitivity have necessitated the development of new, userfriendly assays for antimalarial drug sensitivity testing to complement or replace techniques that have been in use for more than two decades. The new HRP2 drug sensitivity assay provides a rapid and simple method for the quantification of antimalarial drug action. It combines the advantages of the other two assays, while it omits most of their disadvantages. In relation to the other two assays, the HRP2 assay was found to be easier and faster to perform. The availability of commercial ELISA kits for the quantification of P. falciparum HRP2 eliminates the need for standardization of the ELISA procedure, thereby making its implementation faster than that of any other assay. Even though all three assays use different end points, the results of the HRP2 assay closely paralleled those obtained by the isotopic and the schizont maturation assays. The element common to all three assays is that they provide measures of parasite development and growth. Owing to the peculiarities of each assay, it is virtually impossible to perform all three assays under identical conditions. In the isotopic assay the parasites are incubated for 24 h before being pulsed with [ 3 H]hypoxanthine (7). After incubation for an additional 18 h the amounts of incorporation of the tracer into the parasite DNA and RNA are measured. The isotopic assay therefore quantifies the metabolic activity in the second half of the erythrocytic life cycle. However, it requires a relatively high level of parasitemia (about 0.5%) to obtain adequate readings. Furthermore, the isotopic assay has the disadvantage of requiring expensive, highly specialized equipment and the handling of radioactive substances.
The schizont maturation assay, on the other hand, determines the percentage of parasites that develop from rings to schizonts within 24 h, thus requiring parasites whose development is highly synchronized (19) . It measures a much earlier phase of development than the isotopic assay. The microscopic evaluation of the test results makes the assay considerably more sensitive than the isotopic assay. While it is very economical, the WHO microtest is particularly labor-intensive and requires highly trained personnel in order to limit individual variability caused by human factors.
The HRP2 assay measures the increase in HRP2 levels over the incubation time, which is most marked during the ring and trophozoite stages (6) . Owing to the sensitivity of the ELISA, the HRP2 assay is very sensitive but requires a certain minimum incubation time to obtain significant increases in HRP2 levels. A 48-h incubation covers a full erythrocytic life cycle and, consequently, leads to an increase in the HRP2 concentration that corresponds to the rise in the level of parasitemia. Synchronism of the growth of the culture samples is therefore not as crucial. In contrast to the other assays, it does not involve particularly expensive equipment or the handling of radioactive substances and leaves little room for error caused by individual variability.
All three assays consistently differentiated strains sensitive to mefloquine, quinine, and chloroquine from strains resistant to these drugs. The distinct parallels between the individual results obtained by the new assay and both of the conventional assays reflect the reliabilities of the three test systems when they are applied to various drugs. The parallels in the drug-todrug correlations, such as those found between mefloquine, artesunate, and quinine, demonstrate the ability of the new test system to quantify the extent of cross-resistance among antimalarial drugs. This is an important issue for in vitro testing, as cross-resistance may hardly be established in clinical trials (15) . Such activity correlations, especially the correlation between the activities of artesunate and mefloquine, were evident in all three assays and are also a common finding in other drug sensitivity studies, irrespective of the method used (2, 15, 18) .
Another major advantage of using HRP2 levels as an indicator of parasite growth and biomass lies in the stability of the protein (5). The resulting stable background enables the assay to detect even minor variations in parasite development. We used a commercial HRP2 ELISA kit for the quantification of HRP2 in the culture samples. Basically, the assay can be performed with any P. falciparum HRP2-specific ELISA. Numerous laboratories and companies produce monoclonal antibodies specific for HRP2. The major advantage of using commercial test kits lies in the simple standardization and reproducibility of the assay. Its high sensitivity accounts for the low level of parasitemia used in the drug susceptibility assay. With initial parasite densities as low as 0.01%, the sensitivity of the assay is comparable to that of the WHO test. Particularly in relation to the isotopic assay, which requires a minimum level of parasitemia of 0.2 to 0.5%, the new assay was considerably more sensitive, an especially important factor for field application.
The assay may easily be adapted to the requirements of individual laboratories to further simplify drug sensitivity testing. It may, for example, be used with predosed plates, such as those provided by WHO for the schizont maturation assay, avoiding possible quality control issues associated with selfdosing of the plates and the necessity of obtaining antimalarial drugs (26) . Other simple modifications comprise adjustments in levels of parasitemia or incubation times.
In addition to its potential value both as a tool for drug resistance surveillance and as a screen for new antimalarials, a number of other uses for the assay are under consideration. Antimalarials may be tested in a dilution matrix or in various combinations to evaluate potential pharmacodynamic interactions. In pharmacokinetic studies it may be used in bioassays to measure antimalarial activity in blood specimens obtained after the administration of antimalarial drugs. Another possible application is the testing of the inhibitory activities of specimens obtained in the course of vaccine trials.
In conclusion, the HRP2 drug susceptibility assay was found to be very sensitive, fast and simple to establish, highly reproducible, and easy to perform. It can be used for a wide range of applications, from epidemiological studies to the screening of new drugs, and may have the potential to replace traditional in vitro techniques.
